Background-We tested the hypothesis that alterations to action potential conduction velocity (CV) and conduction anisotropy in left ventricular hypertrophy are associated with topographical changes to gap-junction coupling and intracellular conductance by measuring these variables in the same preparations. Methods and Results-Left ventricular papillary muscles were excised from aortic-banded or sham-operated guinea-pig hearts. With intracellular stimulating and recording microelectrodes, CV was measured in 3 dimensions with simultaneous conductance mapping with subthreshold stimuli and correlated with quantitative histomorphometry of myocardial architecture and connexin 43 distribution. In hypertrophied myocardium, CV in the longitudinal axis was smaller and transverse velocity was greater compared with control; associated with similar differences of intracellular conductance, consistent with more cell contacts per cell (5.7±0.2 versus 8.1±0.5; control versus hypertrophy), and more intercalated disks mediating side-to-side coupling (8.2±0.2 versus 10.2±0.4 per cell). Intercalated disk morphology and connexin 43 immunolabelling were not different in hypertrophy. Hypertrophied preparations showed local submillimeter (≈250 μm) regions with slow conduction and low intracellular conductance, which, although not affecting CV on the millimeter scale, were consistent with discontinuities from increased microscopical connective tissue content. Conclusions-With myocardial hypertrophy, altered longitudinal and transverse CV, and greater nonuniformity of CV anisotropy correspond to changes of intracellular conductance. These are associated with alteration of myocardial architecture, specifically the topography of cell-cell coupling and gap-junction connectivity. (Circ Arrhythm Electrophysiol. 2014;7:1198-1204.)
I
n intact myocardium the 3-dimensional (3D) distribution of gap-junctions is a function of cellular architecture and distribution of cell-cell interactions, so that the topography of intracellular conductance is a major determinant of action potential (AP) propagation. Computational, 1 cell-culture, 2 and transgenic models 3 support this concept. The relationship between longitudinal and transverse conduction (conduction anisotropy) and small-scale nonuniformities are critical determinants of the arrhythmogenic substrate in ventricular and atrial myocardium. 4, 5 Although not yet measured, the relationship between intracellular conductance, AP conduction, and myocardial architecture, and how they change in myocardial pathologies, is considered to be important to characterize the myocardial substrate for complex arrhythmias and the mechanistic understanding of fibrillation in particular. Such an integrated approach requires an appropriate model when changes to myocardial structure and AP conduction occur. Myocardial hypertrophy represents such a pathology, whereby alterations to connexin expression, cell and tissue architecture and AP propagation have been separately reported in different experimental models using various techniques to measure conduction. [6] [7] [8] [9] [10] [11] [12] However, these studies are often difficult to compare because of experimental differences. One study, using a model of nonischemic heart failure, did relate conduction velocity (CV) changes to myocyte dimensions and predict electrocardiographic changes. 13 We used a well-characterized model of myocardial hypertrophy to address the hypothesis that conduction anisotropy and nonuniformity is determined by changes of intracellular conductance, in turn determined by the cellular topography and distribution of gap junctions on the submillimeter and millimeter scale.
Methods
Methods are described in the Data Supplement.
Model of Ventricular Hypertrophy
Ventricular hypertrophy was induced in male Dunkin-Hartley guinea pigs (4 to 6 months), by placing a constricting clip around the ascending aorta. Sham controls underwent identical operations, but without clip placement.
14 Left ventricular papillary muscles were excised for electrophysiological recordings, and adjacent muscles placed in Zamboni fixative for morphological examination. These preparations were used because of their longitudinal fiber arrangement and less interstitial tissue. The investigation and surgical procedures conformed to the Guide for the Care and Use of Laboratory Animals (UK Animals Act, 1986, and the US National Institutes of Health; NIH publication No. 85-23, revised 1996), the study was approved by the Local Ethical Review Committee.
1D Intracellular Conductance and CV
Left ventricular preparations (0.5-to 0.9-mm diameter) were superfused (4 mL/min) with Tyrode solution at 36°C. Longitudinal CV, CV L , was measured by stimulating the preparation at one end and recording multiple intracellular conducted AP at distances, d, >1 mm from the stimulating electrode. Conduction delay was the time, t, between stimulus artifact and dV/dt max of the AP upstoke. CV L was calculated from the slope of linear d versus t plots. Specific intracellular conductance was calculated from G i =(2CV L 2 ×2C m ×τ ap )/a 15 , where a=myocyte radius, C m =specific membrane capacitance, and τ ap =time constant of the conducting AP subthreshold phase. Transverse CV, CV T , was measured by stimulating with large Ag/AgCl electrodes on either side of the preparation; intracellular recordings were made perpendicular to the longitudinal axis 15 ( Figure I in the Data Supplement).
3D Electrophysiological Measurements
Supra-threshold or subthreshold pulses were passed between 2 intracellular microelectrodes to measure CV or intracellular conductance (g), respectively. Interelectrode tip distance was measured within 20 μm ( Figure II in the Data Supplement). The current-passing electrode remained in 1 cell and the recording electrode moved to 40 to 60 different sites to obtain 3D conduction or conductance maps. Impalement depth was measured to determine accurately interelectrode distance and incorporated into a 2D data display: the x axis corresponded to the longitudinal fiber axis and the y′ axis to the distance √(y
, that is, y (transverse) and z (depth) axes were assumed equivalent.
Data are displayed in x-and y′ planes as conduction delay isochrones or lines of equal conductance. The direction with the fastest CV and largest conductance per unit distance was the x axis. Perpendicular values were measured to estimate anisotropic ratios of conduction and conductance. In regions where conductance was relatively homogeneous the time course of membrane potential responses to subthreshold stimuli were fitted to a 3D solution of the cable equation ( Figure 2A , see Results section). 16 
Western Blotting
Proteins from whole-tissue homogenates were resolved by 12% polyacrylamide sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. Membranes were incubated with connexin 43 (Cx43) primary antibody (polyclonal antimouse, Millipore; 1:1000 dilution) and subsequently with horseradish peroxidase-conjugated secondary antibody (goat antimouse, Millipore; 1:10 000 dilution). Protein bands were quantified by densitometric analysis, and normalized to corresponding actin protein densities, which were unaltered between control and left ventricular hypertrophy (LVH) animals. 
17,18

Connexin Immunohistochemistry
Myocyte and Tissue Topology
A previously published method was used. 23 Preparations were fixed in Na cacodylate buffer (0.08 mmol/L), glutaraldehyde (2%), and CaCl 2 (2 mmol/L); postfixed in 1% osmium tetroxide; dehydrated and embedded in araldite resin. A series of 100 1-μm serial sections were cut in the plane longitudinal to the fiber axis, mounted sequentially and stained with methylene blue. For each sample, 6 separate index myocyte profiles were randomly selected in the 50th section and followed through the entire section series to identify the number of cells with which each index cell was coupled. Connective tissue percentage was estimated from sections fixed with 4% paraformaldehyde, stained with picrosirius red; relative areas of connective tissue and muscle were measured.
Quantification of Cx43 Signal Area
Confocal images of 6, randomly selected high-power (×630) fields of transversely sectioned tissue and an optical projection image of each en-face disk were examined to derive Cx43 signal area per disk and unit disk area. Cx43 signal density was total Cx signal area divided by total area occupied by myocytes. The Cx43 area per cell was calculated as total Cx43 signal area divided by cell dimensions.
Statistical Analyses
Values are medians (25, 75% interquartiles) without assumption about the normality of the data sets, n=number of hearts. Differences between sets were tested with Wilcoxon rank-sum tests, the null hypothesis was rejected at P<0.05. Specific P values are quoted except when P<0.0001. The association between 2 variables was assessed from the Spearman rank correlation coefficient, r.
Results
Heart-to-body weight ratio was greater in the aortic constriction (LVH) compared with the sham (control) group (4. 28) and no liver ascites. The greater heart-to-body weight ratio was mirrored by a larger cell diameter but no change to cell length (Table 1) .
Quantitative Western blotting showed that overall Cx43 expression was similar in myocardium from control and LVH hearts ( Figure 1A ). The topography and 3D distribution of gap junctions was measured to correlate with changes to possible electrophysiological properties in hypertrophied myocardium.
Myocardial Topography and Distribution of Intercalated Disks
The general topographical arrangement of cells was preserved in hypertrophy; myocytes retained approximately cylindrical shapes, with a major intercalated disk at each end, but more lateral connections in LVH tissue ( Figure 1B ). Overall packing geometry and connectivity between adjacent cells were estimated from the number of adjacent cells with which an individual cell made intercalated disk contact. This was significantly greater in hypertrophied samples, compared with control. Figure 1C shows a representative photomicrograph of the middle of 3 serial sections, with cell outlines drawn in adjacent panels, to illustrate the number and pattern of cell contacts with which a particular index cell (cell A in this example) makes contact. Cell A had 2 end-to-end abutments (cells D and G in the middle section); the number of end-to-end abutments per cell was unchanged in hypertrophy. The greater number of cells to which an individual myocyte makes contact in LVH myocardium was mirrored by more intercalated disks per cell (Table 1 ) from more lateral abutments. The greater number of cell-to-cell contacts in LVH tissue was not because of cell elongation (Table 1) 
Connexin Quantification and Distribution
The number of intercalated disks per cell was greater in LVH myocytes (Table 1) . However, individual intercalated disks showed no significant architectural changes: disk area was similar, as was the proportion of intercalated disk labeled for Cx43. In addition, Cx43 labeling as a percentage of cell perimeter, the latter measured with wheat-germ agglutinin, was not different in LVH. However, the total area labeled for Cx43 was greater (Table 1 ) and reflects the larger membrane area of LVH myocytes and more intercalated disks. However, the amount of lateral Cx43 labeling was ≈5-fold more because of the greater number of lateral intercalated disks. Thus, myocyte hypertrophy was accompanied by more intercalated disks and Cx43 per myocyte. There was no significant difference to Cx43 density, commensurate with the above Cx43 expression data, but the greater absolute amount of Cx43 per cell was confined largely to lateral myocyte boundaries.
Cx40 Figure 2 shows intracellular recordings from a preparation with uniform conduction and conductance characteristics, to test if data could be analyzed assuming a homogeneous spatial structure. A subthreshold stimulus response conformed to the transient solution of the 3D-cable equation (part A). 16 The relationship between steady-state response, v ss , and stimulating current magnitude (i) was linear for subthreshold responses (part B). Values of v ss , as a function of interelectrode distance, were fitted to a 3D solution of the cable equation (part C) and in 4 experiments yielded values for the 3D space constant of 0.31, 0.21, 0.19, and 0.16 mm. Part D shows the upstroke phase of APs from 2 intracellular recording sites a known distance (d) apart, and their differentials (dV/dt). CV was calculated from the ratio of d and difference in delays (t 2 −t 1 ). Figure 3 shows anisotropy of conduction (part A) and intracellular conductance (part B) in control myocardium, with a primary (horizontal) axis of higher CV and conductance, and a perpendicular axis of minima. . In LVH, CV in the primary axis was significantly smaller, but greater in the transverse axis (Table 2) , corresponding with findings with 1D propagation. Intracellular conductance anisotropy was similarly smaller in LVH tissue. Figure 4 shows the relationship between paired CV and conductance anisotropy ratios for control (open squares) and LVH (closed circles) data. For the control and LVH data combined, there was a significant association between these anisotropy ratios (r=0.95; n=15; P<0.0001). These data are therefore consistent with the hypothesis that variation in CV anisotropy depends on changes to anisotropy of intracellular conductance, with LVH values at the smaller region of the spectrum of values. Figure 5 shows a phenomenon in several LVH preparations, namely small-scale conduction (part A) and conductance (part B) discontinuities-where isochronal and isoconductance lines are bunched, indicating local regions of low intracellular conductance. This was not observed in sham-operated preparations, but was in 5 of 12 LVH preparations. The submillimetre scale of the discontinuity would not affect macroscopic CV. Data from these high resistance regions were not included in Table 2 Figure 5C ). Figure 6 shows paired data of 1D CV and Cx43 labeled area per myocyte. For control hearts data, none of the longitudinal and transverse CV, or the CV anisotropic ratio was associated with Cx43 area. For data from LVH hearts, longitudinal CV also was not significantly associated with Cx43 area. However, transverse CV was positively associated with Cx43 area, and the corresponding anisotropic ratio negatively associated with Cx43 area.
3D CV, CV 3D , and Intracellular Conductance, g 3D
Relationships Between CV and Cx43 Expression
Discussion
The principal finding with this well-characterized model of myocardial hypertrophy was that both CV and intracellular conductance anisotropy were reduced and associated with changes to myocyte architecture, that is, more side-to-side Cx43 intercalated disks between larger myocytes, but each cell making contact with more neighboring cells. Previous studies quantifying Cx43 in hypertrophic myocardium are conflicting, with increased, unchanged or reduced immunolabelled Cx43 per cell in different models, including human myocardium secondary to aortic stenosis. 10, 17, [24] [25] [26] These disparities probably result from differences in the duration and stimulus of hypertrophy, as well as species variability, and emphasize the need to study the relationship between AP conduction, intracellular conductance, and myocardial architecture in a single model and at greater resolution, as here.
There was a close correspondence between AP CV and intracellular conductance in both normal and hypertrophied myocardium. Previous studies using separate preparations to measure these variables only inferred this relationship, 8, 9 but experiments directly demonstrated this and provides an electric basis for myocardial conduction anisotropy.
An additional notable finding was the change to the topography of cell contacts and gap junctions in hypertrophied myocardium. Although the number of intercalated disks per cell increased, the proportionately greater number of cell-to-cell contacts resulted in fewer intercalated disks between any 2 myocytes. The larger number of disks per cell has also been measured in human myocardium with concentric hypertrophy. 27 Ventricular myocardial cells are approximately cylindrical, with large intercalated disks at each end and smaller lateral disks. The basic cardiomyocyte shape, a cylinder with intercalated disks at both ends, is preserved in hypertrophy: thus, more intercalated disks per cell represents a greater number along the sides of the cell. The greater side-to-side connectivity and cell diameter are both consistent with the reduction in anisotropy of both conduction and intracellular conductance, as hypothesized by others. 28 This structural remodelling has also been observed in human hypertrophied myocardium, 17, 21 and suggests that the observed electrophysiological changes may also occur in human tissue. Increased myocyte diameter in LVH (≈20%, Table 1 ) per se would enhance transverse CV at most by ≈9%. The actual increase of transverse CV by 48% (Table 2 , CV min ) must therefore result mainly from gap-junction remodeling.
Although enhanced transverse coupling reduces charge available for longitudinal propagation, the architectural findings will not entirely explain the reduced longitudinal CV and associated reduction of intracellular conductance. With LVH intracellular longitudinal conductance, g max , was reduced to ≈55%. Assuming cytoplasm and gap-junction conductance are in the ratio 3:1, and cytoplasm conductance is unaltered, 9, 29 this represents more than a halving of unit gap junction conductance. There was no evidence of altered gap-junction structure, with respect to Cx43 immunolabelling, and so a reduced unit gap-junction conductance is proposed, including contributions from lowered intracellular pH 30, 31 and dephosphorylation of gap-junction proteins.
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Reduced gap-junction conductance, and hence longitudinal current flow and AP propagation, could also contribute to enhanced transverse CV, by raising local intracellular current density. With a nonischemic model of heart failure longitudinal and transverse conduction velocities, as well as myocyte diameter, were increased, 13 suggesting that morphological changes alone could support these conduction changes, in contrast to data from this study that also requires changes to the electrophysiological properties of gap junctions.
There was also close concordance between directly measured intracellular conductance changes in hypertrophy and calculations using cable theory. Furthermore, cable theory accurately described the time-and distance-dependent spread of subthreshold currents in a 3D continuum. However, in several hypertrophied preparations small-scale conduction and conductance discontinuities (<1 mm) were measured ( Figure 6 ), which would not alter net CV, or be observable using extracellular recording techniques. However, the magnitude and abruptness of these changes will create nonuniformities of conduction that are recognized as important components of the arrhythmogenic myocardial substrate.
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Limitations
Papillary muscles were used because their arrangement of parallel myocardial fibres facilitated comparative electrophysiological and morphological measurements. However, extrapolation to other regions of the ventricle should be done.
Moreover, the presence of Cx43 immunolabel at the cell membrane does not confirm localization at intercalated discs nor functional gap junctions.
Conclusions
AP CV in normal and hypertrophied myocardium is determined primarily by the conductance of the intracellular pathway. Changes to CV and intracellular conductance anisotropy in hypertrophy may be explained by altered myocyte and intercalated disk topography. 
CLINICAL PERSPECTIVE
Left ventricular hypertrophy (LVH) is associated with an increased risk of arrhythmias but the electrophysiological substrate in myocardium that underlies this significant clinical condition remains unclear. We have addressed the question using a well-validated guinea-pig model of LVH, after partial occlusion of the thoracic aorta. Action potential conduction anisotropy is a phenomenon whereby conduction is more rapid in a primary axis compared with perpendicular axes and in normal myocardium is a significant factor that minimizes arrhythmic re-entrant circuits. The data with LVH myocardium show that conduction anisotropy-measured with intracellular stimulating and recording electrodes-is reduced, slowed in the primary axis and unchanged or even increased in orthogonal axes. This electric remodeling occurs on a submillimeter scale and so would be less evident using extracellular recording methods. The loss of conduction anisotropy was mirrored by similar changes to the electric conductance of the intracellular space, the latter determined mainly by gap-junction electric properties. We attributed these electric changes in LVH myocardium to structural remodeling of the myocardium, with more transverse intercalated disks, along with reduced electric conductance of individual gap junctions. These data provide evidence that changes to the distribution and electric properties of gap junctions in LVH are a major contributor to changes of the electrophysiological substrate of myocardium that makes it prone to the development of arrhythmias.
